Abstract. Gallbladder cancer (GBC) is one of the most unfavorable prognostic tumor, and immediate growth and distant metastasis are important factors associated with the poor prognosis of patients with this disease. Standard and variant isoforms of CD44 are associated with tumor growth, metastasis, and epithelial-mesenchymal transition (EMT), although their roles in GBC are unclear. We investigated the relationship between the CD44 isoforms with EMT, chemotaxis, and tumorigenicity. We analyzed CD44 expression in the GBC cell line NOZ and found that it comprises a major population that expressed CD44std + /CD44v9 -(CD44s) and the minor population that expressed CD44std -/CD44v9 + (CD44v). CD44s cells exhibited increased chemotaxis and invasiveness compared with CD44v cells in in vitro cell migration and invasion assays. CD44s cells expressed higher and lower levels of mRNAs that encode vimentin and E-cadherin, respectively, compared with those of CD44v cells. CD44s cells expressed high levels of the transcription factors ZEB1 and ZEB2 that mediate EMT, and low levels of a splicing factor ESRP1 that controls the CD44 isoform switch. We performed in vivo mouse xenotransplantation analyses of CD44s and CD44v cells and found that CD44v cells exhibited relatively increased tumorigenicity. Immunohistochemical analysis of tissue microarrays revealed that high levels of CD44v9 and CD44std were associated with poorer prognosis. The expression of CD44std was also associated with poorly differentiated tumors and distant metastasis. In conclusion, CD44s was associated with a mesenchymal phenotype, increased chemotaxis and invasiveness, and decreased tumorigenicity. In contrast, CD44v cells exhibited an epithelial phenotype, decreased chemotaxis, decreased invasiveness, and increased tumorigenicity. These findings suggest that CD44v and CD44s cells play differently important roles in the progression and metastasis of GBC and the isoform switch triggers EMT.
Introduction
Gallbladder cancer (GBC) is one of the intra-abdominal malignant tumors with the most unfavorable prognosis (5-year overall survival rate of <10%) (1, 2) . The only potentially curative therapy for GBC is surgical resection, including simple cholecystectomy, radical or extended cholecystectomy (sometimes accompanied by liver resection), bile duct resection, and pancreaticoduodenectomy. However, few patients undergo curative surgery because of distant metastasis or locally excessive invasion. Understanding the mechanisms of metastasis of GBC is, therefore, important to improve the survival of patients with GBC.
CD44 (also called H-CAM) is a type I transmembrane glycoprotein receptor that binds hyaluronic acid (3) (4) (5) . The functions of CD44 include cellular adhesion, lymphocyte activation, homing, and migration. Further, CD44 can contribute to tumor progression, drug resistance, and cancer stem cell function (6) . The gene encoding CD44 comprises 20 exons, with 10 in the variant region that generate isoforms through alternative splicing (6, 7) . The standard isoform is encoded by exons 1-5 and exons [16] [17] [18] [19] [20] and is the isoform with the smallest molecular weight. Seven of the standard exons encode the extracellular region, another exon is the transmembrane region, and other two domains comprise the cytoplasmic tail. Variant exons (exon 6-15, called as v1-v10) are alternatively spliced and inserted into the extracellular standard exons to generate variant isoforms. Accordingly, standard and variant isoforms harbor the same antigenic region.
CD44 variant 9 (CD44v9) is associated with the proliferation of cancer cells, inhibition of apoptosis, chemoresistance, EMT, and poor prognosis. CD44v9 expression is associated with the recurrence of primary early gastric cancer (8) as well as with the poor prognosis of patients with pancreatic cancer (9) or hepatocellular carcinoma (10) . The CD44 variant isoform comprising exons v8-10 promotes the uptake of cystine for synthesis of the major antioxidant glutathione and contributes to the elimination of excess reactive oxygen species (11) , which increases resistance to chemotherapy and radiotherapy. CD44v9 and CD44v6 interact with FAS, a programmed cell death receptor that inhibits apoptosis induced by its ligand FASL (12, 13) . Cancer cells that express CD44v9 resist chemotherapy by expressing the multidrug resistance protein 1 (14, 15) . CD44 expression affects tumorigenicity or the EMT of GBC cells; however, there are few reports on whether CD44 isoforms are associated with these characteristics (16) (17) (18) . To fill this gap in our knowledge, the aim of the present study was to investigate the relationship between the CD44 isoforms expressed by the GBC cells with EMT, chemotaxis, and tumorigenicity.
Materials and methods
Human GBC cell line and culture conditions. The human GBC cell line NOZ (19) was purchased from the Japanese Collection of Research Bioresources (Osaka, Japan). NOZ cells were cultured in a humidified atmosphere containing 5% CO 2 at 37˚C in DMEM/Ham's F-12 medium (Wako, Osaka, Japan) containing 10% fetal bovine serum (FBS) (Gibco/Thermo Fisher Scientific, Waltham, MA, USA) and 1% AntibioticAntimycotic 100x (Life Technologies, Carlsbad, CA, USA).
Flow cytometry and cell sorting. Cell surface proteins were detected using an allophycocyanin (APC)-conjugated antihuman CD44 monoclonal antibody (clone BD105, catalog number 130-095-177; Miltenyi Biotec GmbH, Bergisch Gladbach, Germany), a fluorescein isothiocyanate (FITC)-conjugated anti-human CD44 standard monoclonal antibody (CD44std; clone SFF-2, catalog number BMS113FI; Affymetrix Inc., Santa Clara, CA, USA), and an anti-human CD44v9 rat monoclonal primary antibody (clone RV3, catalog number LkG-M001; Cosmo Bio Co., Ltd., Tokyo, Japan). The secondary antibody used to detect CD44v9 was an APC-conjugated anti-rat IgG2a mouse monoclonal clone RG7/1.30 (catalog number 130-104-736; Miltenyi Biotec GmbH).
A FACS Aria II cell sorter and BD FACS Diva software (BD Biosciences, San Jose, CA, USA) were used for cell sorting. Monolayers of NOZ cells were dissociated using 0.025% Trypsin containing 0.01% EDTA (Life Technologies) and suspended in PBS containing 0.5% BSA. Cells were reacted with FITC or APC-conjugated antibodies according to the manufacturer's instructions. These cells were also stained with 7-aminoactinomycin D (7-AAD; Bio-Rad, Richmond, CA, USA) to exclude dead cells. All experiments were repeated at least five times. Cells were sorted to isolate populations of CD44std + -CD44v9 -cells (CD44s) and CD44std --CD44v9 + cells (CD44v), which were each cultured to confirm viability and proliferation. The sorted cells were used in the following study. To analyze sequential expression of cell surface markers, cells were reacted with primary antibodies and re-sorted after 1 or 2 weeks of culture, which was repeated three times using the same procedure.
Transwell migration assay and invasion assay.
The protocol used to analyze in vitro cell migration was based on the transwell migration assay (Boyden chamber assay) (20, 21) . Falcon cell culture inserts (Corning Inc., Corning, NY, USA) with a porous membrane (pore-size 8 µm) were placed into a 24-well plate (Corning Inc.). The attractant (medium containing 10% FBS) was added to the lower chamber, and sorted NOZ cells (50,000 cells) were suspended in serum-free medium and added to the upper chamber. The cells were incubated at 37˚C in an atmosphere containing 5% CO 2 for 24 h. The migrated cells attached to the lower side of the membrane were fixed and stained using a Differential Quik Stain kit (Polysciences, Warminster, PA, USA). Cells remaining on the upper side of membrane were removed with a cotton swab. The membranes containing the migrated cells were dried, and the cells were counted in three randomly selected fields (x200). The experiments were performed in triplicate, and each experiment was independently repeated three times. Analysis of cell invasion was performed using a Matrigel Transwell invasion assay (22) . Cell culture inserts with porous membranes (pore-size 8 µm) were coated overnight with 0.5 mg/ml Matrigel (Corning Inc.). The inserts were placed into a 24-well plate and the attractant (medium containing 10% FBS) was added to the lower chamber and sorted NOZ cells (50,000 cells) were suspended in serum-free medium and added to the upper chamber. The cells were incubated at 37˚C in an atmosphere containing 5% CO 2 for 24 h. The invaded cells attached to the lower side of the membrane were fixed and stained using the Differential Quik Stain kit (Polysciences). Cells remaining on the upper side of the membrane were removed with a cotton swab, and the membranes were dried. The number of invaded cells was counted in three randomly selected fields (x200). The experiments were performed in triplicate, and each experiment was independently repeated three times.
RNA extraction and quantitative real-time PCR.
Total RNA was extracted using a NucleoSpin RNA column (Takara Bio Inc., Shiga, Japan), and cDNA was synthesized using a PrimeScript II 1st Strand cDNA Synthesis kit (Takara Bio) according to manufacturer's instructions. Quantitative real-time PCR was performed using SYBR Premix Ex Taq II (Takara Bio) and an Mx3000P real-time qPCR system (Agilent Technologies, Santa Clara, CA, USA). The ∆∆Ct method was used to calculate mRNA levels (23) . Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA was used as an internal control. Each experiment was performed in triplicate and independently repeated three times. The primer sequences were as follows:
Tumorigenicity assay. Six-week-old female nude mice (BALB/ c-nu, Charles River Laboratories Japan, Yokohama, Japan) were used for the tumorigenicity assay. Sorted NOZ cells were suspended in a 1:1 (v/v/) mixture of PBS and Matrigel (Corning Inc.). The mice were anesthetized using sevoflurane, and the suspensions of sorted cells (100-10,000 cells/0.1 ml) were injected subcutaneously into the right and left lumbar regions. The mice were maintained under standard conditions specified by institutional guidelines for animal care. The mice that were injected with 10,000 cells were sacrificed 4 weeks later, and tumor sizes and weights were measured. Tumor volumes were calculated as follows: Tumor volume = (long axis length in millimeters/2) x (short axis length/2) 2 x 4π/3. The other mice were observed for 8 weeks when palpable tumors were observed. Tumors were histologically confirmed using hematoxylin and eosin (H&E) staining.
Tissue samples and tissue microarray (TMA) analysis.
We collected a series of paraffin-embedded tissues specimens from 52 patients with GBC who underwent surgery between 1997 and 2010 at the Toyama University Hospital, Japan. The tumors were histologically diagnosed in the Department of Pathology. The final stage of GBC was confirmed pathologically according to the TNM Classification of Malignant Tumors, 7th edition. The ethics committee of the University of Toyama approved this study.
The TMA comprised 1.0-mm cores of tissues from the paraffin-embedded blocks of the surgical specimen described above. Paraffin blocks containing tumor tissue were selected, and the most representative areas encompassing the tumors were marked directly on the blocks according to the corresponding HE-stained slides. The array block was cut into sections that were placed onto glass slides for H&E staining and immunohistochemical analyses (28-30).
Immunohistochemical staining. The primary antibodies used for the immunohistochemical staining were as follows: anti-cytokeratin OSCAR polyclonal antibody (dilution 1:200, Abcam, Cambridge, Uk) and anti-human CD44v9 monoclonal antibody (clone RV3; dilution 1:200, Cosmo Bio Co., Ltd.), CD44std (clone SFF-2, Affymetrix Inc.). The cancer cells were identified using the anti-cytokeratin OSCAR antibody, then CD44v9 and CD44std expression was detected in the membrane of cancer cells. The TMA score was calculated from staining intensity and the distribution score. The criteria for scoring were as follows: the staining distribution was scored as 0 (0-10%), 1 (11-50%), and 2 (51-100%) to indicate the percentage of tumor cells present in one tissue section. Staining intensity was scored as 0 (no staining of cancer cells), 1 (weak), 2 (moderate), and 3 (marked). We defined CD44v9-high/low and CD44std-high/low expression when the sum of the staining distribution and intensity score was ≥4/≤3 and ≥3/≤2, respectively. Two researchers uninformed of patient clinicopathological information independently scored the tissues, and when there was discordance, the investigators re-evaluated the data to assign a consensus score.
Statistical analysis. Data are expressed as the mean ± standard deviation (SD). The Wilcoxon rank sum test and Fisher's exact test were used to compare the differences between groups. Overall survival (OS) was analyzed using the kaplanMeier method and the log-rank test. Statistical analysis was performed using JMP Pro 11.2 (SAS Institute Inc., Cary, NC, USA) and p-values <0.05 were considered significant.
Results
The NOZ cell line comprises two populations that express different CD44 isoforms. We used flow cytometry to analyze the cell surface expression of CD44 in the GBC cell line NOZ. CD44 expression was observed in 90% of the NOZ cells and showed a bimodal distribution (Fig. 1A) . Double-staining analysis of CD44std and CD44v9 expression in the NOZ cell line revealed two populations (Fig. 1B) . Each group was sorted, collected, and used in the following experiments.
The CD44s and CD44v cells were recultured to confirm viability and proliferation. The NOZ-CD44s cells were spindle-shaped, and the NOZ-CD44v cells were rounded with a spindle or polygonal shape (Fig. 1C) . The expressed CD44 isoforms of the sorted cells were genetically confirmed (Fig. 1D) . The NOZ-CD44s sorted cells expressed significantly higher and lower levels of CD44s and CD44v9 mRNA compared with the NOZ-CD44v sorted cells. The whole CD44 mRNA levels did not differ between CD44s and CD44v sorted cells. We analyzed the sequential expression of CD44 isoforms of the sorted cells. One week after sorting, cells were restained and analyzed for CD44 isoform expression, and sequentially repeated three times (Fig. 2) . The NOZ-CD44s cells were generated from CD44v cells (CD44v/CD44s range: 39.5-72.7/27.3-60.5), and NOZ-CD44v cells were not generated from CD44s cells (CD44v/CD44s range 0.1-3.5/96.5-99.9), suggesting that CD44s cells were derived from CD44v cells.
NOZ-CD44s cells have increased chemotaxis activity and invasiveness compared with NOZ-CD44v cells.
Analysis of chemotaxis in vitro revealed that significantly more NOZ-CD44s cells migrated compared with NOZ-CD44v cells (51.2±27.7 vs. 6.1±4.1 cells per field, p<0.0001) (Fig. 3A and B) .
Similarly, NOZ-CD44s cells were significantly more invasive compared with NOZ-CD44v cells (16.7±13.6 cells vs. 4.6±2.7 cells per field, p<0.0001) (Fig. 3C) .
NOZ-CD44s cells exhibit a mesenchymal phenotype.
We investigated the association of the expression of the different CD44s and CD44v isoforms expressed by NOZ cells on EMT. We used RT-PCR to determine the levels of the mRNAs of the EMT markers E-cadherin and vimentin in the sorted NOZ cells. NOZ-CD44s expressed significantly higher levels of vimentin and lower levels of E-cadherin compared with CD44v cells (Fig. 4) . The transcription factors ZEB1 (δEF1) and ZEB2 (SIP-1) that control EMT, were highly expressed in the NOZ-CD44s cells compared with NOZ-CD44v cells. The mRNA encoding the splicing factor ESRP1 that controls the CD44 isoform switch was expressed at lower levels in NOZ-CD44s cells compared with NOZ-CD44v cells.
NOZ-CD44v cells are highly tumorigenic in vivo.
When we investigated the tumorigenicity of CD44s and CD44v cells in nude mice, we found that the former were less tumorigenic (Fig. 5A ). Although each cell population formed tumors at all sites where 10,000 cells were injected, the respective long-axis diameters, tumor volumes, and weights of the tumors formed by CD44s and CD44v cells were 6.8±2.8 and 15.7±4.5 mm, 131±160 and 1401±1013 mm 3 , and 0.09±0.12 and 1.15±0.80 g (all p<0.001). NOZ-CD44v cells (100 per site) formed tumors at 10 out of 12 sites, whereas NOZ-CD44s cells did not generate tumors (Table I ). The tumors were pathologically confirmed using H&E staining, and immunohistochemical analysis of CD44v9 expression revealed that CD44s cells generated partly CD44v9-rich tumors (Fig. 5C ).
CD44v9 expression associates with poor prognosis.
A TMA of GBC was performed, and CD44v9 and CD44std expression was analyzed in 45 and 47 tumors from patients with GBC ( Fig. 6A and Table II ). Immunohistochemical analysis detected high levels of CD44v9 and CD44std expression in 23 and 12 tumors (Fig. 6B) . No significant differences were detected in age, sex, serum CA19-9 levels, and pathological T, Table I . In vivo tumorigenicity analysis in which NOZ-CD44s and CD44v cells were injected into nude mice subcutaneously. N, ly, and v factors associated with the expression of CD44v9 and CD44std. CD44v9 expression was significantly associated with serum CEA levels. Whereas, CD44std expression was, significantly associated with poorly differentiation and distant metastasis. The 3-year OS rates of the CD44v9-high, CD44v9-low, CD44std-high, and CD44std-low groups were 29.4, 59.1, 25.0, and 49.5%, respectively ( Fig. 6C and D) .
Discussion
In the present study, we showed that the GBC cell line NOZ comprises two populations that expressed different CD44 isoforms. The major population (CD44s) expressed CD44std + / CD44v9 -. The CD44s cells showed the mesenchymal phenotype, and they showed strong chemotactic and invasive abilities. On the other hand, they showed weakly tumorigenic ability. The minor population (CD44v) expressed CD44std -/ CD44v9 + . This population showed the epithelial phenotype, and it showed weakly chemotactic and invasive abilities. However, it showed highly tumorigenic ability. These isoforms of CD44 in the NOZ sorted cells were also genetically identified. CD44v cells generated CD44s cells in vitro, although the xenotransplantation study indicated that CD44v cells were generated from CD44s cells in vivo. In patients with GBC, we demonstrated that both phenotypes CD44v9 high and CD44std high were significantly associated with poor prognosis.
CD44v9
high was significantly associated with high CEA levels, and CD44std high was significantly associated with poor differentiation and distant metastasis.
It is important to clarify whether CD44 represents particular CD44 isoform or pan-CD44. Each variant isoform possesses specific epitopes, although most epitopes of the CD44 standard isoform are included in the variant isoforms. Numerous anti-CD44 antibodies react with CD44 variant isoforms as well as the CD44 standard isoform, although these isoforms are associated with different phenotypes. Thus, the isoforms of CD44 (or pan-CD44) should be identified when studies using CD44-specific antibodies are planned. We show here that the GBC cell line NOZ comprised populations of CD44 standard and variant 9 isoforms that were associated with different phenotypes, although flow cytometry using the anti-CD44 antibody detected both isoforms. We then used isoform-specific antibodies CD44std and CD44v9 to show that the CD44s and CD44v cells expressed the respective cognate isoforms.
CD44 isoforms are associated with EMT. It is reported that pancreatic cancer cells that express CD44v9 showed epithelial phenotype (14) , and hepatocellular carcinomas that express CD44 standard isoform showed the mesenchymal phenotype (7, 31) . Further, breast cancer cells are reported to show isoform switch from variant isoform to the standard isoform through EMT (32), ESRP1 is critical for regulating the isoform switch (32, 33) , and signaling through AkT, which is activated by the CD44 standard isoform, is essential for driving EMT (32) . Moreover, CD44 isoform switch occurs in colorectal cancer cells (27) . When ESRP1 is silenced, the CD44 variant isoform is replaced by the standard isoform that promotes EMT. Further, the CD44 standard isoform is essential for EMT, because CD44 knockdown inhibits vimentin expression (32) . In cancers of the biliary tract, expression of the CD44 standard isoform is associated with well-differentiated cancers (16) , and CD44v6 isoforms are associated with moderate-poorly differentiated cancers and Stage IV tumors (17, 34) . Our TMA analysis, however, showed that CD44std expression was associated with poorly differentiated cancers and distant metastasis, which was compatible with the mesenchymal phenotype of the CD44s showed in the in vitro studies.
Our findings described above that the CD44 standard and variant 9 isoforms were associated with mesenchymal and epithelial phenotypes, respectively, are consistent with a switch from the CD44 variant to the standard isoform through EMT. The levels of the mRNAs encoding the transcription factors ZEB1 and ZEB2 were increased in cells that expressed the CD44 standard isoform that was associated with promoting EMT. Further, the levels of the mRNA encoding the splicing factor ESRP1 were lower in cells that expressed the CD44 standard isoform, which triggered the CD44-isoform switch and then promoted EMT. Further, we showed that the CD44s cells were generated from CD44v cells under the normal culture condition. There may, therefore be an auto-trigger which induces the CD44 isoform switch through NOZ cell progression.
CD44 is associated with tumorigenicity of many cancers such as the breast (35) , colon, head and neck, and pancreas (36) . In cholangiocarcinoma, CD44 + CD24 + EpCAM high cells exhibit high tumorigenic potential (37) . However, these studies did not analyze CD44 isoforms. In contrast, analyses using xenotransplantation of mice reveal that colon (15) and breast cancer (33) cells that express CD44v9 are highly tumorigenic. Further, pancreatic cancer cells express CD44v9 when they re-enter mitosis (14) . Clinical studies reveal that CD44v9 expression is associated with the recurrence of early gastric cancer (8) and with poor OS and recurrence-free survival of patients with hepatocellular carcinoma (10) . Moreover, RT-PCR analyses show that increased CD44v9 expression in pancreatic cancer Table II . CD44v9 and CD44std expression in tumors from patients with GBC.
CD44std tissues correlates with lymph node metastasis, liver metastasis, TNM stage progression, and decreased overall survival rate (9) . Although the relationship between CD44v9 expression and tumorigenicity is unknown, CD44v9 was proposed to activate the Ras/Rac1/RhoA pathway, leading to the migration, growth, invasion, and survival of tumor cells (37) (38) (39) . In the present study, CD44v9 cells had higher tumorigenicity in terms of tumor burden and tumor incidence compared with CD44s cells. Further, both tumors generated from CD44v9 and CD44s cells expressed CD44v9 immunohistochemically. Although the mechanism by which the CD44s generated CD44v9-rich tumors is unclear, it is suggesting that a switch from the standard to variant isoform is induced through engraftment or the progression of tumor formation.
In conclusion, expression of the CD44 standard isoform was associated with a mesenchymal phenotype, increased chemotaxis, increased invasiveness, and lower tumorigenicity. In contrast, expression of the CD44 variant 9 isoform was associated with an epithelial phenotype, decreased chemotaxis, decreased invasiveness, and increased tumorigenicity. These findings suggest that these CD44 isoforms play different roles in cancer progression and metastasis. Therefore, investigating the potential role and mechanism of the isoform switch may lead to the development of novel therapeutic interventions or diagnostic agents that target splicing or specific isoforms that will improve the treatment of patients with GBC.
